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Abstract
Solidago ×niederederi, a natural hybrid between invasive S. canadensis and native S. virgaurea, is considered as naturalized alien
taxon in Europe. In this study, we conducted a field experiment on the regeneration ability of S. ×niederederi after cutting off its
synflorescences (panicles with capitula). The regeneration of synflorescences occurred in 79.6% of the examined shoots (ramets)
of the hybrid. After regeneration shoots were significantly shorter and formed shorter, narrower and less branched
synflorescences. Moreover, the number of capitula was significantly lower after regeneration as well as number of disc flowers
and pollen viability. The obtained results suggest that the hybrid has a high ability of synflorescence regeneration after cutting and
one-time cutting at high level during flowering is not effective method to control the hybrid in the wild.
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Introduction
The ability of flower and inflorescence regeneration after me-
chanical damage of shoots can enhance naturalization and
invasion of alien plants, especially in the case of species
whose persistence in habitats relies crucially on seed produc-
tion (no asexual reproduction ability). Regeneration of flowers
and inflorescences can be easily observed in alien plants
growing in anthropogenic (i.e., arable fields with cereals,
lawns, roadsides, railway embankments, and flood banks)
and semi-natural (meadows and grasslands) habitats, where
the plant cover is subjected to the cutting. On the other hand,
regular cutting (mowing or shredding) has been recommended
to control many invasive plants (e.g., Pyšek et al. 2007;
Bohren et al. 2008; Dudley et al. 2009; Simard and Benoit
2011; Tokarska-Guzik et al. 2011; Končeková et al. 2015;
Monty et al. 2015; Lommen et al. 2018 and references there-
in). It is known that regeneration capability depends on the
height, the timing and frequency of the cutting. For example,
young individuals of invasive Ambrosia artemisiifolia L.,
which were cut just above a cotyledonary node, showed nor-
mal growth rate after two weeks from the cutting and about
50% of them started to flower (Tokarska-Guzik et al. 2011).
However, the total number of seeds and their viability can be
negatively affected by cutting treatments (Bohren et al. 2008;
Lommen et al. 2018 and references therein).
Solidago ×niederederiKhek (Asteraceae), a natural hybrid
between the North American S. canadensis L. and the
European S. virgaurea L. (Pliszko 2015; Pliszko and
Zalewska-Gałosz 2016; Skokanová et al. 2020a), has been
reported from 17 countries in Europe, including Austria,
France, the United Kingdom, Denmark, Sweden, Norway,
Finland, Italy, Germany, Hungary, Romania, Czechia,
Slovakia, Poland, Lithuania, Latvia, and Russia (Jaźwa et al.
2018; Skokanová et al. 2020b). It is considered as naturalized
alien taxon in Austria, Poland, Lithuania and Latvia
(Gudž i n skas and Pe t ru la i t i s 2016; P l i szko and
Kostrakiewicz-Gierałt 2017; Pliszko et al. 2017). The hybrid
occurs on abandoned fields, roadsides, railway embankments,
in disused quarries and forest plantations, usually together
with its parental species (Nilsson 1976; Pliszko and
Kostrakiewicz-Giera ł t 2017; Pliszko et al . 2017,
2019; Skokanová et al. 2020b). Solidago ×niederederi is a
perennial plant spreading by wind-dispersed fruits (cypselas).
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It forms clonal clusters of shoots (ramets) which can be com-
posed of sexual shoots (shoots with capitula arranged in pan-
icle synflorescence) or vegetative shoots (shoots with no ca-
pitula) or both sexual and vegetative shoots (Pliszko and
Kostrakiewicz-Gierałt 2019). Seeds of the hybrid can achieve
a high percentage of germination (more than 75% on average)
with and without the involvement of cold stratification
(Pliszko and Kostrakiewicz-Gierałt 2018a). However, the
number of well-developed fruits is usually low in the hybrid
(Migdałek et al. 2014).
Negative effects of S. canadensis invasion in Europe have
been well documented and numerous methods of its control
have been proposed (Kabuce and Priede 2010; Szymura and
Szymura 2015; Szymura et al. 2016; Rajdus et al. 2020).
Unfortunately, the studies on the impact of S. ×niederederi
are neglected and so far, no attempt has been made to control
the hybrid. Flowers of S. ×niederederi are often visited by
insects (Pliszko and Kostrakiewicz-Gierałt 2018b) and there-
fore it may pose a threat to native species by competition for
pollinators. The risk of introgression with S. virgaurea is also
highly probable since the hybrid is not fully sterile (Migdałek
et al. 2014; Karpavičienė andRadušienė 2016) and usually both
taxa occur in close proximity and their flowering periods over-
lap. Field observations made by the first author in Poland con-
firmed that invasive S. canadensis and native S. virgaurea can
regrow and flower after mowing. Moreover, S. canadensis can
regenerate from small fragments of underground rhizomes
(Weber 2011). The regeneration capability of S. ×niederederi
has not been intensively studied so far. As currently known, the
hybrid does not produce long underground rhizomes which are
found in S. canadensis (Pliszko and Kostrakiewicz-Gierałt
2017, 2019). However, resting buds located on the caudices
of the hybrid can transform into new ramets after the mechan-
ical division of the maternal cluster of ramets (Pliszko and
Kostrakiewicz-Gierałt 2017). Furthermore, Pliszko et al.
(2018) demonstrated that S. ×niederederi and its parental spe-
cies can regenerate the roots and leaves from small fragments of
aerial shoots. In this study, we aimed to test regeneration ability
of S. ×niederederi after cutting off its synflorescences.
Materials and methods
Field experiment
The study was conducted on abandoned fields near Suwałki,
north-eastern Poland (GPS coordinates: 54°06.050′ N,
22°53.062′ E, altitude: 173 m a.s.l.), in 2018. The study area
is located in a temperate zone with an influence of the conti-
nental climate. In this place, the average annual air tempera-
ture is about 6 °C and the average annual precipitation is about
600 mm (Górniak 2000). The presence of Solidago
×niederederi near Suwałki has been recently confirmed as a
result of the ongoing invasion of S. canadensis in north-
eastern Poland (Pliszko et al. 2017). Ten clusters of S.
×niederederi at peak flowering time (at least 75% of capitula
was open in each ramet of the cluster) were randomly selected
for the experiment, on 9 August 2018. The clusters consisted
of 62 sexual ramets which were normally developed with no
sign of mechanical damage within their synflorescences. The
hybrid grew on dry-mesic sandy soil of 7.2–7.5 pH, in a fully
light, and it was associated with its parental species as well as
with meadow, xerothermic and segetal plant species of the
classes Molinio-Arrhenatheretea, Festuco-Brometea, and
Stellarietea mediae, respectively. The sexual ramets of the
hybrid were marked with plastic labels and their length (the
length of the shoot) was measured. Next, the synflorescences
(panicles with capitula) of the selected ramets were cut off and
collected. After 41 days the sexual ramets subjected to the
experiment achieved peak flowering stage (at least 75% of
capitula was open in each ramet of the regenerated cluster)
and then they were cut off and collected. The level of shoot
cutting was directly under the lowest secondary branch of the
synflorescence. The development of capitula in selected
clusters of ramets was simultaneous before and after
regeneration. The synflorescences collected before and after
regeneration were kept for 7 days at room temperature to dry.
Three ramets of one cluster have been destroyed by animals
and therefore they were excluded from further analysis. The
ramets collected after the regeneration period were kept for
7 days at room temperature to dry. The hybrid was identified
based on morphological features provided by Nilsson (1976)
and Gudžinskas and Žalneravičius (2016).
Biometric analysis
The following features were included in the biometric analy-
sis: the length of the shoot, the length and the width of the
synflorescence, the number of secondary branches within the
synflorescence, the number of capitula, and the number of
ligulate and disc flowers per capitulum. The number of ligu-
late and disc flowers was tested in one randomly selected
capitulum per shoot (ramet). The measurement of morpholog-
ical features was made on dry materials.
Estimation of pollen viability (stainability)
Pollen study was conducted using dry synflorescences which
were kept for one year at room temperature. Dry pollen was
obtained from one disc flower from random capitulum per each
ramet. In total, pollen from 36 disc flowers for each group was
examined. Pollen grains were separated from anthers and put on
slides with drops of 1% acetocarmine (on average 37 ± 23 pol-
len grains per slide). Viable pollen cytoplasm stains red, while
nonviable pollen remains unstained (Migdałek et al. 2014). The
viability of pollen was assessed in 3 random fields of view
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under 160× magnification (Field of view Diameter DFV =
96.88 μm), using an optical microscope.
Data analysis
To compare differences in measured features before and after
synflorescence regeneration, paired sampled tests were used.
Normality was checked using the Shapiro-Wilk test.
Differences in synflorescence length, shoot length, amount of
disc flowers per capitulum, the number of capitula per ramet
and percentage of viable pollen were tested using theWilcoxon
signed-rank test due to abnormal distribution. Respectively
comparison of the amount of all flowers per capitulum, amount
of ligulate flowers per capitulum, synflorescence width and
amount of secondary branches in synflorescence were tested
using the paired t-test. All statistical analyses were performed
using the R language (R Core Team 2015) in the R Studio
program (RStudio Team 2015). Graphs were created using
the ggplot2 package (Kassambara 2019).
Results and discussion
The regeneration of synflorescences occurred in 79.6% of the
examined ramets of Solidago ×niederederi. After regeneration








































































































































































































Fig. 1 Results of biometric
analysis (a-h) and pollen viability
test (i). Boxes – median with
Interquartile Range (IQR), whis-
kers – min-max values
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forming shorter, narrower and less branched synflorescences
(Fig. 1b, V = 1090, p < 0.01; Fig. 1c, t = 9.3, df = 46, p < 0.01;
Fig. 1d, t = 20.3, df = 46, p < 0.01, respectively). Moreover,
the number of capitula was significantly lower after regener-
ation (Fig. 1e, V = 1128, p < 0.01). In regenerated
synflorescences capitula had significantly less flowers (Fig.
1f, t = 2.5, df = 39, p = 0.02), although regeneration affected
directly only the abundance of disc flowers (Fig. 1g, V =
485.5, p = 0.01), not ligulate flowers (Fig.1h, t = 0.9, df = 39,
p = 0.35). Pollen developed before regeneration was charac-
terized by rather low viability (Fig. 1i). After regeneration it
was significantly lowered (V = 87, p < 0.01), in some cases
not even 10% of pollen was stained.
Our study revealed that S. ×niederederi has a high ability
of synflorescence regeneration after cutting. However, the hy-
brid is not able to form synflorescences whose size would be
comparable to the size before their mechanical damage.
Reduced size of synflorescence in regenerated plants was also
observed in Ambrosia artemisiifolia after mowing. In mowed
and dense stands of this species male synflorescences were 3–
5 times shorter than those in intact and single plants (Simard
and Benoit 2011). Interestingly, in the case of Erigeron
annuus, the number of regenerated capitula can be influenced
by altitude. Trtikova (2009) proved that individuals of
E. annuus growing at 400 m a.s.l. formed more capitula after
cutting than individuals not subjected to the cutting. On the
other hand, individuals growing at ˃1000 m a.s.l. had fewer
capitula after cutting than individuals not subjected to the
cutting. The effects of plant density and altitude and other
environmental factors on synflorescence regeneration in S.
×niederederi should be tested in the future.
The synflorescence regeneration negatively affects pollen
viability in S. ×niederederi and in consequence, it may lead to
reduced seed production (F2 generation). Also, the number of
disc flowers, which produce the pollen, is lower in regenerated
plants. Normally the hybrid has reduced pollen viability
(Migdałek et al. 2014) and after cutting the pollen viability
can be even more reduced. Studies on A. artemisiifolia
showed that plants regenerated after mowing produce much
less pollen and seeds than those which have not been damaged
and the shorter the male synflorescence, the less pollen the
flowers produce (Simard and Benoit 2011). Moreover, the
anthesis was delayed by 17 days by the mowing treatment
and the seeds of mown plants were less viable in
A. artemisiifolia (Simard and Benoit 2011).
According to Pliszko and Kostrakiewicz-Gierałt (2018b),
S. ×niederederi attracts many insects (including pollinators)
and the number of insect visits is positively correlated with the
size of synflorescence and number of capitula. This suggests
that reduced size of synflorescence and a low number of ca-
pitula after regeneration may limit the competitiveness of the
hybrid for pollinators. However, a low number of capitula
with a low number of flowers with a low number of viable
pollen in the hybrid does not eliminate the risk of introgression
with S. virgaurea. The removal of invasive Solidago L. spe-
cies is a time consuming and costly process (Szymura et al.
2016). To prevent the negative effects of hybridization and
introgression with native species, S. canadensis and S.
×niederederi should be removed from habitats occupied by
S. virgaurea as fast as possible. Our study suggests that one-
time cutting at high level of the shoots during flowering is not
effective method and it cannot be recommended to control the
hybrid in the wild. It is important to establish the height, the
frequency, and timing of the cutting in further studies.
Moreover, chemical, biological and complex treatments
should be also involved as in the case of S. canadensis
(Kabuce and Priede 2010; Rajdus et al. 2020).
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